The combined effects of low-frequency stimulation of the renal sympathetic nerves and reductions in renal arterial blood pressure on various hemodynamic parameters of the in situ kidney and on renal venous renin levels were determined in 17 dogs. Autoregulation of flow (measured using noncannulating electromagnetic probes) and glomerular filtration (measured using continuous extraction of 131 I-iothalamate) was followed before, during, and after nerve stimulation. Stimulation of isolated renal nerves (0.5 msec, 10-15 v, 0.1-3.0/sec) produced distinct changes in the release of renin with only minimal changes in the autoregulatory curves for glomerular filtration rate and renal plasma flow. Reducing arterial blood pressure from 150 to 50 mm Hg caused an increase in the release of renin from 4 to 35 ng/ml houi-1 . Stimulation of the renal nerves increased renin production at both pressures (from 4 to 10 ng/ml hour 1 at 150 mm Hg and from 35 to 50 ng/ml hour" 1 at 50 mm Hg). In fact, renal nerve stimulation elicited increases in renin release at all pressures examined. In contrast, sodium excretion following nerve stimulation was depressed at comparable sodium loads in spite of minimal changes in renal hemodynamics. It appears that the effect of the renal sympathetic nerves on renin release is evident at all pressures; however, the sympathetic nerves are proportionately more important at pressures above 100 mm Hg and the renal artery pressure plays a greater role at pressures below 115-100 mm Hg.
• Many reports have appeared in the literature in the past decade concerning the various mechanisms controlling renin release (1) (2) (3) ; this laboratory, in the course of renal hemodynamic experiments, has explored the role of the sympathetic nervous system. We have found that low rates of stimulation of the renal nerves can produce significant increases in circulating renin levels without inducing any apparent changes in associated hemodynamics. This finding has prompted a more complete study of the relationships between nerve-mediated and pressure-mediated renin release.
In 1964, Skinner et al. (4) suggested that renal nerve activity could influence renin release. Since then evidence has accumulated relating sympathetic nerve activity to this function. It has been established that the juxtaglomerular cells are the source of renin, and anatomical studies have indicated that the juxtaglomerular cells are in direct apposition with the sympathetic nerve fibers (5) (6) (7) . Recordings from the renal nerves, in which these fibers run, have shown that they can be activated reflexly and in specific patterns (8) (9) (10) . Other studies have also demonstrated reflex neurogenic stimulation of renin release (11) (12) (13) (14) (15) (16) . These investigations are bolstered by studies examining modifications of renin release by renal denervation (17) (18) (19) (20) (21) and by those relating renin release to nerve activity through direct electrical stimulation of the renal nerves (22) (23) (24) (25) . The work of Witty et al. (19) , Johnson et al. (23) , and Shade et al. (26) , using combinations of nonfiltering and papaverine-treated kidneys, has suggested that this nerve-mediated increase in renin release is unrelated to changes in arterial blood pressure (baroreceptor) or changes in the effects of sodium (macula densa).
The present paper attempted to delimit the renin release response due to sympathetic nerve activity from that due to changes in renal arterial blood pressure in the acute dog preparation. By examining this relationship over a broad range of pressures in an autoregularing kidney, insight greater than that provided by examining either pressure or nerve activity alone should be achieved. Such information is important to considerations of integrative control of renal function and renin release such as those proposed recently by Blaine et al. (3) , Crowley et al. (27) , and Guyton et al. (28) .
Methods

SURGICAL PREPARATION
A total of 17 male and female mongrel dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv). Cannulas were placed in both femoral arteries and veins, and the left kidney was exposed through a flank incision. A segment of renal artery about 3 cm long, beginning at the aorta, was cleaned of surrounding tissues, taking care not to injure underlying sympathetic nerve fibers. The renal nerve branches were isolated (minimal removal of connective tissue) just below the aorticorenal ganglion (29) and placed on bipolar platinum-tipped electrodes. The ureter and the gonadal vein were cleared from their connective tissue beds and cannulated for collection of urine and renal vein blood samples, respectively. An electromagnetic flow probe (Carolina Medical Electronics) was located at the base of the renal artery, an adjustable clamp was attached around the artery, and a 20-gauge needle was placed retrograde to renal artery flow (Fig. 1) . Dogs with double renal arteries or early bifurcations (less than 2 cm nf straight artery) or dogs that failed to exhibit an autoregulatory response to artery constriction were rejected.
RENAL BLOOD FLOW MEASUREMENT
The flow probe ( Fig. 1 ) was coupled to a squarewave electromagnetic flowmeter (Carolina Medical Electronics) and balanced; the probe factor was adjusted according to hematocrit. Calibration (using a finger pump, a 3-4-cm segment of renal artery, and whole blood diluted for different hematocrits) was checked several times in the course of a 1-year period; during this time the flow probe responses were invariant over a range of 0 to 300 ml/min. The flow signal was displayed on a Gilson M8PM strip-chart recorder.
BLOOD PRESSURE MEASUREMENT
Renal artery blood pressure (needle in renal artery) and systemic arterial blood pressure (cannula in one femoral artery) were measured using Statham P23AC Figure 2 illustrates the apparatus used in this study and previously described by Schmid et al. (30) . Blood from the left renal vein and from one femoral artery, containing the inulin substitute 131 I-iothalamate (Squibb), was simultaneously pumped via a Holter pump through separate wells containing matched sensors; subsequently, the blood was returned to the dog via the femoral veins. Each sensor unit consisted of a scintillation detector and one channel of a NuclearChicago dual-channel rate meter with power supply and signal amplifiers. Output signals were displayed on servounits of the Gilson recorder. Extraction of the 1 3 l Iiothalamate across the kidney ([arterial level -venous level]/arterial level) was monitored continuously. For any one period under study, GFR = RPF (A -V) /A, where GFR = glomerular filtration rate, RPF = renal plasma flow = renal blood flow X (1 -hematocrit), A = arterial level of 181 I -iothalamate, and V = venous level of the isotope. The channels were calibrated by pumping arterial blood through both wells prior to each experimental procedure.
GLOMERULAR FILTRATION RATE MEASUREMENT
ELECTROLYTE MEASUREMENTS
Urine and blood samples were collected at specified intervals during the experiment. Blood samples were centrifuged and plasma electrolytes were measured, as were those of the urine, using a model 143 IL flame photometer. Urine sodium was expressed as excretion rate in /^Eq/min, and plasma sodium was expressed as concentration in jxEq/ml.
RENIN MEASUREMENTS
Renin levels in arterial and venous blood samples were measured using a Schwarz/Mann radioimmunoassay kit, employing a modification of the technique of Haber et al (31) . Blood samples were collected in tubes (with ethylenediaminetetraacetate [EDTA] anticoagulant) standing in ice water and cold centrifuged; 1 ml samples of plasma were frozen for later assay. At assay, plasma samples were adjusted to pH 5.5 with acetate buffer (less than 1% of sample volume) and incubated for 1 hour in a water bath at 37-38°C along with blanks, standards, and recovery controls. Adjustment of pH to 5.5 from the original pH which ranged from 7.6 to 8.5 improved the uniformity of the assay and approximately doubled the activity of renin; under these conditions no inhibitors were required to protect the angiotensin I which was generated. Incubated samples (10 ^.liters) were assayed in a final volume of 2 ml. The content of radioactive 125 I-angiotensin I-antibody complex was analyzed: the amount of radioactivity in each sample was monitored using a Nuclear-Chicago model C120-1 automatic tube counter. Renin activity was expressed as ng angiotensin I/ml plasma hour* 1 incubation.
EXPERIMENTAL PROTOCOL
Each dog was artificially ventilated (Harvard model 607 respiration pump) and constantly infused with a sustaining mixture of 5% mannitol in normal saline at a rate (3-4 ml/min) sufficient to produce a urine output of 1-2 ml/min under control conditions. Following the surgical procedure, the dogs were heparinized with an initial dose of 250 units/kg body weight, and they received subsequent doses (125 units/kg) at approximately hourly intervals. After heparinization, a femoral artery cannula and the renal vein cannula were connected to the Holter pump as described previously. An initial injection of 131 I-iothalamate was given into the left renal artery to measure the delay from the time of injection to the time of appearance in renal venous blood at the well site (Fig. 2 ). This time delay was on the order of 30 seconds and was used in coordinating the calculated extraction with the pressure-flow data. The remainder of the 131 I-iothalamate (approximately 300 fie) was then given in the sustaining mixture, and plasma concentration was allowed to rise to stable, measurable levels.
When all systems were equilibrated, a 2-minute urine sample was collected for volume and electrolyte analysis. Midway in the urine collection period, blood samples (4-5 ml) were drawn from the left renal vein and the femoral artery simultaneously for plasma electrolyte and renin analysis. Subsequently, each intervention (pressure reduction with or without sympathetic nerve stimulation) was imposed for 6 minutes, and urine and blood samples were collected during the last 2 minutes. The sequence of experimental interventions was varied to prevent bias in the data. The interventions consisted of (1) clamping the renal artery to different pressure levels (e.g., 150, 125, 100, 75, and 50 mm Hg), (2) stimulating the attached renal nerves, or (3) adjusting renal artery pressure and stimulating renal nerves simultaneously. The renal nerve stimulus was 0.5 msec in duration, 10-15 v in amplitude, and 0.1-3.0 impulses/sec in frequency. The stimulus was applied with a Grass model SD9 squarewave stimulator; 15 minutes were allowed to elapse between each experimental period and a following control period during which time no renal artery clamping or nerve stimulation were carried out.
Data analysis was completed for those dogs exhibiting (1) a mean systemic arterial blood pressure above 120 mm Hg under the pentobarbital anesthesia and (2) the ability to return renal hemodynamics to control conditions following the experimental procedure.
Results
RATE EFFECTS
In our initial experiments, several different combinations of stimulus parameters were examined to determine their effects on renin release and renal blood flow. Stimulus duration was held at 0.5 msec to minimize direct effects on surrounding smooth muscle tissue (specifically the renal artery). An amplitude range between 10 and 15 v was found to be adequate to initiate renin release. Stimulus rates were varied between 0.33/sec and 5/sec. Since changes in renal blood flow frequently occurred with rates above I/see, subsequent experiments were conducted using stimulus frequencies of this value or less. Figure 3 shows the typical reninrelease response with stimulus rates of 0.33/sec, 0.5/sec, and 1/sec. In this instance, renin output increased sixfold over control levels at 1/sec.
RELATIONSHIP OF RENIN RELEASE TO RENAL ARTERY PRESSURE AND RENAL NERVE STIMULATION
Renal plasma flow, glomerular filtration rate, and renal venous renin levels at different renal arterial pressures established via alteration in the clamp illustrated in Figure 1 were compared. Some degree of variation was seen from dog to dog in terms of the autoregulatory response to arterial clamping. response over a shorter pressure range from 150 to 75 mm Hg. In both cases, stimulated renin release increased dramatically compared with that under the nonstimulated condition at any one pressure level. Renin output also increased as a function of the drop in renal arterial blood pressure; the increase was more prominent below 100 mm Hg. Data pooled from ten dogs in which paired observations were available were tabulated for a comparison of nonstimulated and stimulated renin release at pressure levels varying from 50 to 150 mm Hg (Fig. 5) . The straight lines in Figure 5 represent the least-square regression curves; the curvilinear line represents a plot of percent stimulated renin release vs. percent nonstimulated renin release obtained from the regression curves. The regression lines indicate that the renin release during nerve stimulation at any one pressure level was higher than that due to the pressure change alone. At the same time, the curvilinear line shows that as the pressure drops from control levels the amount of renin release due to the pressure drop alone tends to account for greater amounts of the total renin released. Values for the stimulated and the nonstimulated condition were compared statistically using a Wilcoxon paired sample signed rank test that made no assumptions about distribution (32) . Rening release under the two conditions was found to be significantly different (P < 0.0001).
SODIUM EXCRETION, GLOMERULAR FILTRATION RATE, AND RENAL ARTERY PRESSURE
Since the present study was primarily concerned with demonstrating the potential of renal nerve activity (albeit as inferred through electrical stimulation), fluctuations in factors other than pressure changes which have been implicated in renin release, namely, filtered sodium load and its modifiers (33, 34) , had to be examined. Figure 6A relates glomerular filtration rate (percent stimulated vs. percent nonstimulated) to different levels of renal artery pressure; 28 sample pairs from eight dogs were used to generate a linear regression line by the least-squares method. This line should not be interpreted as an autoregulatory curve. The relatively flat slope (-0.07) and the rotation about the 100% axis suggest that glomerular filtration rate in the stimulated and the nonstimulated condition was essentially the same. The data populations were tested separately (Wilcoxon test); they were not found to be significantly different from each other (P = 0.1492).
Sodium excretion in the stimulated state, by contrast, was substantially depressed (P < 0.008) 
Effect of renal nerve stimulation and reduction in renal artery pressure on renal venous renin concentration. Unlabeled curve represents percent stimulated renin release!percent nonstimulated renin release (% S/NS). Open circles =; Renin^s = nonstimulated renin release and crosses = Renin g = stimulated renin release. Least-square regression equations are given. See text for discussion.
compared with that in the nonstimulated state. The relatively flat slope of Figure 6B suggests a consistent relationship between the two states throughout the pressure range examined. Although data were not available from all experiments, an attempt was made to check for variations in sodium load (calculated as plasma sodium concentration X filtration rate X Gibbs-Donnan factor for sodium) over this range (Fig. 6C ) using information from four dogs. The regression line showed that stimulated sodium load was slightly elevated but invariant (slope = 0.007) between 75 and 150 mm Hg. It is doubtful that this slight elevation was significant, although no statistical test was performed due to the small number of data points used.
RELATIONSHIP OF SODIUM EXCRETION TO CLOMERULAR FILTRATION RATE
The lack of a significant difference in glomerular filtration rate between the stimulated and the nonstimulated state and the depression in sodium excretion in the stimulated state suggests that the decrease in sodium excretion was not related to changes in glomerular filtration rate between the two conditions. However, since both parameters were examined with respect to pressure changes, it seemed efficacious to examine sodium excretion with respect to glomerular filtration rate and to determine how renal nerve stimulation affected this relationship. Figure 7 again suggests (within the sensitivity limits for measuring glomerular filtration rate) that changes in sodium excretion were not caused by modifications in glomerular filtration rate. This conclusion is based on two facts: (1) the proximity of the intercepts and (2) the slopes of the two regression lines. The homogeneity between the stimulated and the nonstimulated state was tested using Student's t-test for comparison of regression coefficients (35) ; the two coefficients were not significantly different (P > 0.4).
EFFECTS OF RENAL NERVE STIMULATION ON PARAMETERS OTHER THAN RENIN RELEASE
Whenever stimulation rates were kept at 1/sec or less, no change was observed in renal artery pressure compared with the level in the nonstimulated state. Increasing the stimulation rate above 1/sec frequently resulted in an elevation in renal artery pressure toward the systemic pressure level. This effect was evident when renal pressure was clamped to some value below the systemic pressure. 
Effect of renal artery pressure on glomerular filtration rate (CFR), sodium excretion, and sodium load expressed as ratios (stimulated to nonstimulated conditions). Least-square regression equations are given. See text for further explanation.
No direct effect of stimulation was seen on systemic arterial blood pressure provided that the renal nerve was properly isolated distal to the aorticorenal ganglion. When the nerve fiber bundles were not initially ligated, an immediate rise in systemic arterial blood pressure often was obtained 
GFR (ml/min) FIGURE 7
Sodium excretion as a function of glomerular filtration rate (GFR) in the stimulated and nonstimulated conditions. Leastsquare regression equations are given. See text for further explanation.
with stimulation; this rise can be attributed to renal nerve afferent fibers or possibly to radiation of the stimulus pulse to surrounding afferent nerves.
Discussion
Vander (22) and Vander and Miller (33) have shown that mannitol inhibits renin release but produces minimal to no change in glomerular filtration rate or renal plasma flow. In contrast, Fojas and Schmid (36) have found that mannitol has a very weak depressant effect on renin secretion. Differences in technique including concentrations and rates of infusion might account for these conflicting results. In the present experiments, mannitol was used for its diuretic effects. The dogs evinced no adverse effects with the infusion rates (3-4 ml/min) and relatively low concentrations (275 HIM) used. Furthermore, the dogs received a constant infusion throughout the experiment, to minimize the effects of any depressant action of mannitol between control and experimental periods.
Careful selection of the stimulus parameters allowed renin release to be increased without inducing measurable changes in glomerular filtration rate or renal plasma flow. This accomplishment contrasts with those of previous studies employing higher rates of stimulation (22) (23) (24) . Additionally, the use of a short-duration stimulus (0.5 msec) minimized the direct effects on surrounding smooth muscle tissue (specifically the renal artery). It does not appear that this possibility was adequately controlled in earlier studies in which relatively long durations were used (23) or in which the stimulating electrodes were wrapped around the renal artery (22) .
Separation of nerve-mediated renin release from nerve-mediated changes in renal vascular resistance suggests that renin release and vascular resistance are under separate central or reflex control or that the receptor thresholds differ. Simply recording reflex renal nerve activity does not demonstrate what parameters are being affected (vascular resistance, renin release, or both). At least two recent studies have suggested that different cardiovascular reflexes affect renal nerve activity in different fashions. Decreasing carotid sinus pressure inversely affects cardiac, splenic, and renal nerve activities (9) , whereas stimulating left atrial receptors increases cardiac nerve activity, decreases renal nerve activity, and has no effect on left splenic nerve activity (16) .
The lack of a significant change between hemodynamic parameters-renal artery pressure,
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LA GRANGE, SLOOP, SCHMID 131 I-iothalamate extraction, renal plasma flow, and glomerular filtration rate-measured at altered pressure levels and those measured with the additional influence of low-frequency sympathetic nerve stimulation implies that the altered state of renin secretion in the latter state could be accounted for by other mechanisms, i.e., a direct effect on the renin-releasing cells or an effect which does not include hemodynamic adjustments. Such an effect could feasibly involve the macula densa (1), although, as pointed out in Results, a reasonable attempt was made to keep filtered sodium load constant between the stimulated and the nonstimulated condition, thereby minimizing severe changes due to sodium.
Several observations are apparent from the data in Figure 5 . The pressure-related renin release in response to pressure drops from control levels accounts for relatively larger amounts of the total renin release at lower pressure levels (curve for % S/NS). The linear regression curves tend to minimize this information; however, our data suggest that pressure does in fact exert a greater influence on renin release at lower pressures. This release occurs in the face of autoregulation of blood flow and is consistent with renal vasodilation; however, it contrasts with the renin release found in a recent study (37) in which renin levels were maintained higher than control in a postautoregulatory (i.e., constricted) state. Nerve-mediated renin release was effective at all pressures examined (175 to 50 mm Hg).
The physiological significance of these findings should be of some interest. Projecting the data of Cowley and Guyton (38) for the decapitated animal above 100 mm Hg indicates that pressure regulation of renin release is initiated somewhere in the area of 115 mm Hg. Fojas and Schmid (36) have found small effects of pressure above 100 mm Hg, Reports concerning renal nerve activity suggest an inverse relationship between renal nerve activity and mean systemic arterial blood pressure (9, 39) extending from about 175 mm Hg down to the level of 75 mm Hg. Thus, renin production can be visualized as being primarily under the control of renal nerves at higher pressures, with some overlap in the area of 100 mm Hg, but increasingly under the influence of renal artery pressure below 100 mm Hg. Pursuit of this line of thought points up the need for additional effort to determine whether the various neurogenic reflexes control either renal vascular resistance, renin release, or both.
An unexpected observation in the course of this investigation was the fact that sodium excretion was significantly depressed in the stimulated condition (Fig. 6B) . This depression occurred in spite of insignificant changes in renal plasma flow, glomerular filtration rate, or sodium load. It may be validly argued that small but unmeasurable changes in glomerular filtration rate are significant. However, the data points in Figure 6 , as exemplified by the regression lines, show a negative correlation for glomerular filtration rate and sodium excretion as indicated by their negative and positive slopes, respectively. A direct relationship would be expected if the depressed sodium excretion in the stimulated condition were dependent on glomerular filtration rate. Kamm and Levinsky (40) have reported a denervation-related increase in sodium excretion which is dependent on glomerular filtration rate. Reid et al. (21) , in line with the present study, found an increase in sodium excretion and a concomitant decrease in control renin secretion with renal denervation. Several explanations, barring any significant changes in glomerular filtration rate, can be offered to account for our observation. (1) Nerve stimulation could cause a corticomedullary shift in blood flow favoring increased sodium reabsorption with no overall change in renal plasma flow. Although there is some evidence to support this hypothesis (37, 41) , there is equally strong or stronger evidence to negate it (42-45). Those studies producing shifts in blood flow use much higher rates of stimulation than those used in the present study. (2) The decreased sodium excretion in the stimulated state could be related to the increased renin secretion (or angiotension I-angiotensin II ratio) which in turn could exert an effect on tubular mechanisms for sodium reabsorption via either a direct synergistic action with aldosterone or a facilitatory action on aldosterone function. There is also evidence tenable to this hypothesis (6, 7, 46) . (3) The increase in renin could produce, through renin's action on the adrenal cortex, an increase in aldosterone, resulting in an increase in sodium reabsorption. This possibility seems unlikely, however, since the changes that took place occurred within a 6-minute period. Aldosterone is thought to require an order of magnitude more time for its action on sodium reabsorption (47). (4) The renal nerves could have a direct action on tubular sodium reabsorption. This hypothesis seems unlikely, since the tubules are not thought to be innervated (48). The final answer to this sodium effect must await further work, but the direct-action hypothesis for
